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Two copo ly imides ,  LARC-STPI and STPT-LARC-7, w i t h  f l e x i b l e  backhonps 

were prepared and c h a r a c t e r i z e d  as  adhesives. The p r o c e s s a b i l i t y  and 

adhesive p r o p e r t i e s  were compared t o  those  o f  a commerc ia l l y  a v a i l a h l e  

form o f  LARC-TPI. 

Lap shear  specimens were f a b r i c a t e d  u s i n g  adhesive t a p e  prepared 

f rom each o f  t h e  t h r e e  polymers. Lap shear t e s t s  were performed a t  room 

temperature,  177OC, and 2n4"C before  and a f t e r  exposure t o  w a t e r - h o i l  and 

t o  thermal  a g i n g  a t  204OC f o r  tip t o  In00 hours. 

The t h r e e  adhesive systems possess p x c p p t i o n a l  l a p  shear s t r e n g t h s  

a t  room tempera ture  and e l e v a t e d  tempera tures  ho th  h e f o r e  and a f t e r  

thermal  exposure. LARC-STPI, hecaiisc! of i t s  h i g h  q lass  t r a n s i t i o n  

tempera ture  p r o v i d e d  h i g h  l a p  shear s t r e n g t h s  up t o  26nOC. A f t e r  

\ :a ter -ho i l ,  LARC-TPT e x h i h i t s d  t h e  hiahast. l a p  shear s t r s n a t h s  a t  rnoq 

These f l e x i b l e  t h e r m o p l a s t i c  copo ly imides  show c o n s i d e r a b l e  

p o t e n t i a l  as adhesives based on t h i s  s tudy  and because of t h e  ease o f  

p r e p a r a t i o n  w i t h  l ow  cos t ,  commerc ia l l y  a v a i l a b l e  m a t e r i a l s .  
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I NTRODUCTI ON 

There a r e  few m a t e r i a l s  a v a i l a b l e  which can be used as aerospace 

adhesives a t  temperatures i n  excess of 200OC. D u r i n g  t h e  pas t  111-15 

years,  t h e  M a t e r i a l s  D i v i s i o n  a t  NASA Langley Research Center has 

developed severa l  novel  h i g h  temperature p o l y i m i d e  adhesives needed t o  

f u l f i l l  t h e  a n t i c i p a t e d  needs o f  t h e  aerospace i n d u s t r y .  These 

developments have r e s u l t e d  f rom fundamental s t u d i e s  o f  s t r u c t u r e - p r o p e r t y  

r e l a t i o n s h i p s  i n  po ly imides.  Two m a t e r i a l s  t h a t  have e x h i b i t e d  

except iona l  adhesive p r o p e r t i e s  a re  LARC-TPI (Langley d - Research - Center 

- Thermoplast ic  - Imide) '  s 2  and PIS02 (a t h e r m o p l a s t i c  p o l y i m i d e ~ u l f o n e ) . ~  

The s t r u c t u r e s  o f  these m a t e r i a l s  a r e  i l l u s t r a t e d  below. 

LARC-TPI 

PIS02 



I n  examining these  s t r u c t u r e s  one should n o t e  t h a t  t h e  backbones a r e  

i d e n t i c a l  w i th  one e x c e p t i o n  - a carbony l  group i n  LARC-TPI and a s u l f o n e  

group i n  PISOZ. 

t i c  na ture ,  and hence good adhesive p r o p e r t i e s ,  t o  these  systems i s  t h e  

degree o f  f l e x i b i l i t y  a l o n g  t h e  backbone. I n  t h i s  regard, t h e  f l e x i b i l -  

The p r i m a r y  c h a r a c t e r i s t i c  t h a t  impar t s  t h e  thermoplas- 

i t y  i s  i n t r o d u c e d  v i a  t h e  carbony l  h r i r l g i n g  group i n  the  anhydr ide -de r i v -  

ed p o r t i o n  o f  t h e  c h a i n  and from t h e  sul fone and carbony l  groups i n  t h e  

d iamine-der ived  p o r t i o n  o f  t h e  chain.4 I n  a d d i t i o n ,  a key f a c t o r  i s  t h e  

me ta -o r ien ted  l i n k a g e  t o  t h e  benzene r i n g s  i n  t h e  amine-der ived segments. 

The cor respond ing  systems w i th  pa ra -o r ien ted  l i n k a g e s  e x h i b i t  very  l i t t l e  

t h e r m o p l a s t i c i t y .  These s t r u c t u r e s  a re  shown below f o r  comparison. 

0 \ 

A recen t  research  program a t  NASA Langley i n v o l v e d  t h e  syn thes i s  and 

e v a l u a t i o n  o f  copo ly imides  which i n c o r p o r a t e d  h o t h  f l e x i b i l i z i n g  b r i d g i n g  

groups and m t a - l i n k e d  benzene r i ngs .  This  a c t i v i t y  was undertaken i n  

o r d e r  t o  develop systems based on l o w  cost,  r e a d i l y  a v a i l a b l e  monomers. 
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The approach i n v o l v e d  t h e  p r e p a r a t i o n  o f  copoly imides o f  t h e  f o l l o w i n g  

s t r u c t u r e :  

I n  t h e  cases s t u d i e d  t o  date, x i s  an oxygen and y i s  e i t h e r  an 

oxygen or a carbonyl .  Mo lecu la r  models o f  t h i s  system and o f  t h e  

LARC-TPI/PIS02 were prepared and compared. Models o f  a l l  systems 

e x h i b i t e d  s i m i l a r  l o n g  range f l e x i b i l i t y  w i t h  t h e  LARC-TPI/PIS02 

e x h i b i t i n g  more u n i f o r m  s h o r t  range f l e x i b i l i t y .  

p r o p e r t i e s  o f  c o p o l y p y r o m e l l i t i m i d e s  was pub l ished by Varma and Rao.’ 

A s tudy o f  t h e  adhesive 

The two copoly imides t h a t  have been eva lua ted  as adhesives f o r  

bonding a t i t a n i u m  a l l o y  (Ti-6A1-4V) a r e  as f o l l o w s :  

LARC-STP 1 

STPI -LARC-2 



EXPERIMENTAL 

5 

M a t e r i  a1 s 

The chemicals were ob ta ined from commercial sources. The l i s t  o f  

chemicals and t h e i r  source i s  as fo l l ows :  

Benzophenonetetracarboxyl i c  a c i d  d ianhydr ide  (BTDA) - K ing  Mar  

L a b o r a t o r i e s  

San Diego, CA 

- Ciba Geigy 

Ardsley,  NY' (made 

on NASA c o n t r a c t )  

- M a l l i n c k r o d t ,  Inc. 

S t .  Louis,  MO 

- F luka  Chemical Co. 

Hauppage, NY 

- F luka  Chemical Co. 

- Eastman Kodak Co. 

Rochester, NY 

- F luka  Chemical Co. 

- F luka  Chemical Co. 

O x y d i p h t h a l i c  anhydr ide  (ODPA) 

4,4 I -0xydi  a n i  1 i ne (ODA ) 

Meta-phenyl enedi ami ne (MPD) 

N , N -D i met hy 1 a ce t ami  de ( DMAc ) 

P h t h a l i c  anhydr ide (PA) 

2-Methoxyethyl e the r  (Diglyme) 

N-methyl p y r r o l  i done (NMP) 

Synthes is  

The p r e p a r a t i o n  of t h e  copoly imides were c a r r i e d  ou t  a t  room 

tempera ture  i n  a 1000 m l  c y l i n d r i c a l  r e a c t i o n  f l a s k  w i t h  a removable, 
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four-necked top. 

i m p e l l e r  b lade  d r i v e n  by a cons tan t - to rque,  overhead motor equipped w i th  

a v a r i a b l e  speed c o n t r o l .  

S t i r r i n g  o f  t h e  m i x t u r e  was accomplished u s i n g  an 

The BTDA o r  ODPA (0.050M) and PA (0.002M) were s l u r r i e d  i n  a 

mixed s o l v e n t  system o f  diglyme w i t h  e i t h e r  NMP o r  DMAc. 

added ODA (0.025M) and t h e  m i x t u r e  was a l lowed t o  s t i r  f o r  15 min t o  fo rm 

a s o l u t i o n .  Next  t h e  MPD (0.025M) was added and t h e  s o l u t i o n  was s t i r r e d  

f o r  an a d d i t i o n a l  35 min. The r e s i n  was decanted from t h e  vessel .  An 

i n h e r e n t  v i s c o s i t y  o f  0.52 d l / g  was ob ta ined f o r  t h e  LARC-STPI r e s i n  and 

0.65 f o r  STPI-LARC-2. 

To t h i s  was 

C h a r a c t e r i z a t i o n  

Lap shear s t r e n g t h  was ob ta ined  accord ing  t o  ASTM D-1002 u s i n g  a 

Model TT-C I n s t r o n  Un iversa l  T e s t i n g  Machine. The l a p  shear s t r e n g t h s  

repo r ted  represent  an average of four  l a p  shear specimens per  t e s t  

c o n d i t i o n  except where noted i n  t h e  tab les .  

s t r e n g t h s  i s  i n d i c a t e d  by dashed l i n e s  i n  t h e  bar graph f i g u r e s  and g i v e n  

i n  t h e  t a b l e s .  Bond l ine  th i ckness  was ob ta ined as t he  d i f f e r e n c e  between 

the t o t a l  j o i n t  th ickness  measured w i t h  a rnicri, -;l-ter and t b e  sum o f  the 

adherend thicknesses. The average bond l i ne  th i ckness  f o r  LARC-STPI was 

0.017 cm w i t h  a range of 0.014 cm t o  0.020 cm. 

0.019 cm w i t h  a range of 0.015 cm t o  0.021 cm. 

o f  t h e  LARC-TPI adhesive, average hond l i ne  th i ckness  f o r  t h e  LARC-TPI was 

0.009 cm w i t h  a range of 0.007 cm t o  0.011 cm. 

a c lam-she l l ,  quartz-lamp oven and were h e l d  a t  temperature f o r  10 

The range o f  t h e  l a p  shear 

STPI-LARC-2 averaged 

Due t o  t h e  g r e a t e r  f l o w  
\ 

Specimens were heated i n  



7 

minutes prior t o  tes t ing except for  the water-boil specimens which  were 

tested as soon as the t e s t  temperature was reached. Temperatures were 

controlled to  w i t h i n  k3"C for  a l l  t es t s .  

G1 ass transit ion temperatures ( T g )  were determined by thermomechani- 

cal analysis (TMA) for  the adhesive on fractured lap shear specimens and 

by different ia l  scanning calorimetry (DSC) for  films of the polymers, 

b o t h  methods using a DuPont* Thermal Analysis Systems. TMA measurements 

were performed i n  s t a t i c  a i r  a t  a heatinq ra te  of 5"C/min using a 

hemispherical probe w i t h  a 15 g load. 

a t  50°C/min. The inherent viscosity reported i s  the averaqe of three 

DSC measurements were r u n  i n  a i r  

measurements on 0.5 w t  % solids solutions i n  DMAc made a t  35°C k0.01"C 

u s i n g  a Cannon Ubbelohde viscometer. 

Adhesive Bondins  

Adhesive tape for the LARC-STPI was prepared by brush coating a 

primer s o l u t i o n  o f  polyamic-acid, d i l u t e d  t o  approximately 7.5 w t  % 

sol ids  i n  diglyme/DMAc, onto 112 E-glass cloth w i t h  A-1100 f i n i s h  

(y-aminopropylsilane). 

metal frame and dried i n  a forced-air oven for 30 min  a t  100°C prior t o  

coating. The 0.01 cm thick glass cloth served as a ca r r i e r  for  the 

adhesive as well as for  bondline control and an escape channel for  

solvent. The coated cloth was then air-dried for  1 h r  and heated for  1 

The glass cloth had  been t i g h t l y  mounted on a 

*Use of trade names or company names does n o t  const i tute  an of f ic ia l  

endorsement by NASA, e i ther  expressed or imp1 ied. 
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h r  a t  each o f  t h r e e  temperatures:  100OC, 15n°C, and 175OC. 

Subsequently, each a p p l i c a t i o n  o f  a 15 w t  X s o l i d s  s o l u t i o n  was brush 

coated o n t o  t h e  c l o t h  and exposed t o  t h e  f o l l o w i n g  schedule u n t i l  a 

th i ckness  o f  n.n20 - 0.025 cm was obta ined:  

(1) Room temperature,  h o l d  1 h r  

( 2 )  RT + 100°C, h o l d  1 h r  

(3 )  100°C + 15OoC, h o l d  2 h r s  

( 4 )  15OOC + 175"C, h o l d  3 h r s  

The i n v o l v e d  procedure t o  prepare t h e  tape was needed t o  d r i v e - o f f  

s o l  vent  and r e a c t i o n  produc t  vo l  a t  i 1 es when conver t  i ng t h e  polyami c -ac i  d 

r e s i n  t o  t h e  po ly imi r le .  I m i d i z a t i o n  of po lyamic-ac ids t o  po ly imides  

g e n e r a l l y  occurs above 16n°C w i t h  t h e  degree of convers ion  be ing  a 

f u n c t i o n  of t i m e  and tenpera ture .  

The same procedure was used f o r  STPI-LARC-3 adhesive tape  

p r e p a r a t i o n  except t h a t  a 17.5 w t  X s o l i d s  s o l u t i o n  was a p p l i e d  f o r  a l l  

coa t i ngs  u n t i l  a t ape  th i ckness  o f  0.022 cm was obta ined.  The s o l v e n t  

s y s t m  iiserl a l s o  conta ined a s m a l l  amount o f  'i'fp. A f i n a l  heat  t r e a t n e q t  

c l -  13 T i n  a t  7 7 n O - E  , ;?s  g i v e ?  t fJ t'.? L.':!? u v l  :-I t h i s   st^^^':;. 

. .  i c f h s s i v i  tape f o r  t he  L t : C - T s I  :,,,is p r ? ; x r ? , i  i n  a s i l - i i l h r  mr,r.:r ' , >  

t h e  LARC-STPI and STPI-LARC-2 i n  an at tempt  t o  s tandard i ze  t h e  tape  

p repara t i ons .  The r e a c t i o n  scheme f o r  LARC-TPI, devel  oped a t  NASA 

Langley Research Center  i n  t h e  l a t e  197n's from RTDA and 3,3'-diaminohen- 

zophenone (3,3'-DARP)- i n  d ig lyme s o l v e n t  i s  shown i n  F i g u r e  1.' s 2  

LARC-TPI, L o t  No. 26-001, was s u p p l i e d  by F i i t s u i  Toatsu Chemicals, 

I nco rpo ra ted ,  Tokyo, Japan, as a 29.1 w t  9; s o l i d s  po lyamic a c i d  s o l u t i o n  
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i n  d ig lyme w i t h  an i n h e r e n t  v i s c o s i t y  o f  0.54 d l / g  (35OC). R r o o k f i e l d  

v i s c o s i t y  was 24,f;nn cps (23OC). A s o l u t i o n ,  d i l u t e d  t o  approx imate ly  

7.5 w t  S; s o l i d s ,  was a p p l i e d  as t h e  p r imer  t o  t h e  g l a s s  c l o t h  and t r e a t e d  

as above. Due t o  t h e  d i f f i c u l t y  o f  a p p l y i n g  t h e  as -supp l i ed  29.1 w t  X 

s o l i d s  s o l u t i o n ,  i t  was necessary t o  d i l u t e  t h e  s o l u t i o n  t o  approx imate ly  

24 w t  X s o l i d s  f o r  e a s i e r  a p p l i c a t i o n  by brush t o  t h e  g lass  c l o t h .  Heat 

t rea tmen t  o f  t h e  a p p l i e d  r e s i n  s o l u t i o n  was t h e  same as t h a t  f o r  LARC- 

S T P I  ( f o r  up t o  1 7 5 O C  f o r  3 h r s )  except fewer a p p l i c a t i o n s  were necessary 

due t o  t h e  h i g h e r  s o l i d s  conten t  of t h e  LARC-TPI s o l u t i o n .  The adhesive 

tape thus  prepared foamed s l i g h t l y .  A l l  t h r e e  tapes  prepared were s t i f f  

and had no tack  o r  drape. 

The prepared adhesive tapes were used t o  bond t i t a n i u m  adherends ( T i  

6A1-4V, pe r  r f i l -T-9n46E, Type 111 Comp. C) w i t h  a nominal t h i ckness  of 

0.13 cm f o r  t h e  adherends. The T i (h41-4V) panels  were g r i t  h l a s t e d  w i t h  

121) g r i t  a luq inum ox ide,  washed w i t h  methanol, and t r e a t e d  w i t h  Pasa-Je l l  

1n7* t o  form a s t a b l e  ox ide  on t h e  surface. The adherends were washed 

w i t h  w a t e r  a n d  d r i e d  in a fo rced -a i r  oven a t  l n n ° C  f o r  5 rnin.  The 

t r e a t e d  a:?+ercqds were pr imed w i t h i n  two h r s  of t h e  sur face t r e a t m n t  by 

2 d f i e s i v s s  o 7  t i e  sur faces t o  he bonded.  h i t s r  a i r - d r y i n g  i i i  a ur . ; i : - i . i i .  

oven f o r  30 min, they  were heated f o r  15 min a t  10n°C and 15 min a t  

1 5 0 O C .  The pr imed adherends were p laced i n  a po l ye thy lene  hag and s t o r e d  

i n  a d e s i c c a t o r  u n t i l  needed. Lap shear specimens were prepared by 

*Trade name f o r  a t i t a n i u m  s u r f a c e  t rea tmen t  a v a i l a b l e  from Semco, 

Glendale, CA.  
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i n s e r t i n g  t h e  adhesive t a p e  between t h e  pr imed adherends u s i n g  a 1.27 crn 

ove r lap  (ASTM l l-1002) and a p p l y i n g  2.1 MPa p ressu re  i n  a h y d r a u l i c  p ress  

d u r i n g  t h e  h e a t i n g  schedule. Bonding temperature was mon i to red  u s i n g  a 

t y p e  K thermocouple spot-welded t o  t h e  t i t a n i u m  adherend a t  t h e  edge o f  

t h e  bond1 i ne. 

The f o l  1 owing bondi  ng cyc les  f o r  t h e  LA9C-STPI adhesive were 

i n v e s t i g a t e d  d u r i n g  t h i s  s tudy  t o  determine a bonding process which 

produced good s t rengths .  

Cyc le  1 

( 1 )  2.1 !!Pa pressure,  h e a t i n g  r a t e  = 8.Z°C/min, RT + 3?9"C 

( 2 )  Hold 15 min a t  329°C 

( 3 )  Cool under p ressure  t o  150°C and remove f rom bonding 

press 

Cycle 2 

Same as Cycle 1 except RT + 343°C 

Cycle 3 

Same as 1 e x c e p t  RT + 343"C, h o l d  1 h r  

I -  3r l . iesive t a p e  p r i o r  t o  hon . ing  haserl on t t ?  1?;> shoar s t r eng iqs .  .i ?, 

l a p  shear specimens were prepared f o r  thermal exposure f o r  5nn and l O O n  

h r s  a t  2n4OC. Thermal exposure was performed i n  a f o r c e d - a i r  oven 

c o n t r o l l e d  w i t h i n  21% o f  t h e  d e s i r e d  exposure temperature.  Lap shear 

t e s t s  were conducted a t  room temperature,  177OC, and 204°C hefore  

( c o n t r o l s )  and a f t e r  exposure. 
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A 72 -h r  w a t e r - b o i l  t e s t  was conducted i n  l a b o r a t o r y  glassware 

c o n t a i n i n g  b o i l i n g  d i s t i l l e d  water. 

(above t h e  bonded area) d u r i n g  t h e  72-hr per iod .  Lap shear s t r e n g t h s  

were  suhsequent ly  determined a t  room temperature,  177"C, and 204OC. 

Lap shear specimens were immersed 

The bond ing  c y c l e  s e l e c t e d  f o r  t h e  LARC-STPI was a l s o  used t o  

prepare l a p  shear specimens w i t h  t h e  STPI-LARC-2 and LARC-TPI adhesive 

tapes. The thermal  exposure i n  a i r  and w a t e r - h o i l  exposure t e s t s  were 

t h e  same as t h a t  f o r  t h e  LARC-STPI. 

RESULTS AND DISCI ISSInN 

M a t e r i a l s  

The chemicals f o r  t h i s  program were of ver-y h i g h  p u r i t y  and i n  most 

cases were  used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  The RTnA f rom K ing  r. lar 

L a b o r a t o r i e s  was o r i g i n a l l y  prepared hy Gu l f  Chemical (now A l l c o ) .  K ing  

M a r  L a b o r a t o r i e s  p u r i f i e d  t h i s  m a t e r i a l  hy r e c r y s t a l l i z i n g  i t  f r o m  a 

9n:ln m i x t u r e  o f  a n i s o l e / a c e t i c  anhydr ide.  The 004 from M a l l i n k r o d t  

3 ? i g h  p u r i t y  cjrads. I n  5 3 c;;ils, :':-a ' ' -  , =,::,:rj?l : - 1 ; - ' . 

l i g ? t ,  a darken ing  occu r red .  7nis  OQk i . 2 ;  < I  , l  ~4 i n  a r  )-._I t~ I: 

was 

L .  

? 

It 

h i g h  p u r i t y .  MPIl f rom F luka  i s  an o f f - w h i t e  c r y s t a l l i n e  m a t e r i a l  

s u p p l i e d  i n  an opaque h o t t l e .  Prolonged exposure of  t h i s  chemical t o  a i r  

and/or l i g h t  w i l l  r e s u l t  i n  a severe darkening. The ODPA, which had been 

prepared i n  t h e  1970's by C i h a  Geigy, was suhl imed p r i o r  t o  use. The 

o t h e r  t h r e e  chemicals,  DVAc, PA, and diglyme, a r e  a l l  capahle o f  

ahsorb ing  wa te r  if they  a r e  l e f t  open t o  t h e  atmosphere f o r  extended 
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t imes.  Islater i s ,  o f  course, d e l e t e r i o u s  t o  t h e  r e a c t i o n  and u s u a l l y  

r e s u l t s  i n  a 1 ower i n h e r e n t  v i s c o s i t y  (mo lecu la r  we igh t  . 

Synthes is  

The r e a c t i o n  schemes f o r  LA!?C-STPI and STPI-LARC-2 are  shown i n  

The anhydr ide  monomers had o n l y  p a r t i a l  s o l u b i l i t y  i n  t h e  F i g u r e  2. 

mixed s o l v e n t  system o f  d ig lyme and OMAc (NMP). 

anhydr ide  a l l o w s  f o r  mo lecu la r  we igh t  b u i l d u p  ( c h a i n  g rowth) ;  t h e  PA was 

used as a method o f  c o n t r o l l i n g  t h e  n o l e c u l a r  we igh t  so t h a t  t h e  l e v e l  

was h i g h  enough t o  y i e l d  tough, f l e x i b l e  po l yve rs ,  h u t  n o t  so h i g h  as t o  

i n h i b i t  t h e  t h e r m o p l a s t i c  f l ow  p r o p e r t i e s .  The r e s u l t i n g  polymer d i d  

a f f o r d  a f l e x i b l e  f i l m  when c a s t  and cirrerl t o  ?nn°C. There was arleqilato 

t h e r m o p l a s t i c  f lo:q as ev idenced by t h e  s o f t e i i n q  t h a t  occu r red  d u r i n g  t h e  

arfhesi ve hondi ng opera t i on .  

The d i f u n c t i o n a l  

The ODA was added i n i t i a l l y  hecause i n  a p r e l i m i n a r y  exper iment  a 

p r e c i p i t a t i o n  occurred when ‘IPD was a d d e d  f i r s t .  A l s o ,  i n  p r e p a r i n g  a 

randonl copolymer by t h e  mc?thorl t h a t  wi?s t t q ~ d ,  t h e r e  was no way o f  

’ r s u r i n g  t n a t  hlock f o r f i 3 t i o n  dc- ,  ??: i c:‘ -. -i-m 3 st  , :  i s + . i c - J l  

j t a n n p o i n t  t h i s  shou ld  no t  occur ,  b u t  p r : , j ~ i J s  !:ark i n  o b r  l a 9 0 r L 7 r , a ]  , 1  

shown t h a t  d ig lyme may promote t h i s  behavior .  F o r  t h i s  reason, a m i x t u r e  

o f  d ig lyme,  D’4Ac, and/ o r  NMP was used i n  an e f f o r t  t o  a v o i d  h l o c k  

fo rma t ion  and t o  improve s o l u h i l i t y .  Other  amide s o l v e n t s  such as 

d imethy l formamide c o u l d  a l s o  be used. 
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Rond Cycle S e l e c t i o n  

Adhesive t a p e  f o r  t h e  LARC-STPI was used t o  bond l a p  shear  specimens 

u s i n g  t h e  t h r e e  c y c l e s  ment ioned p r e v i o u s l y .  

h e l d  cons tan t  f o r  t h e  t h r e e  c y c l e s  w h i l e  t h e  temperature and t i m e - h e l d -  

at- te,- :perature was v a r i e d .  4 h iS3er  t ' l a n  n o r r a l  bonding pressure ,  2.1 

The bonding p r e s s u r e  was 

VPa, was used t o  assure s u f f i c i e n t  f l o w  o f  t h e  polymer d u r i n g  honding. 

Resu l ts  on t h e  e f f e c t s  of t h e  bond c y c l e  a r e  shown i n  F i g u r e  3 and T a b l e  

1 which i n c l u d e s  a d d i t i o n a l  i n f o r m a t i o n ,  i.e. nurnher o f  specimens t e s t e d ,  

p r imary  f a i l u r e  mode, and Tg. Lap shear s t r e n g t h s  were determined a t  RT, 

1 7 7 O C ,  and 204OC. R e s u l t s  i n d i c a t e  very l i t t l e  d i f f e r e n c e  i n  s t r e n g t h s  

f o r  t h e  t h r e e  t e s t  temperatures.  Average s t r e n g t h s  a t  RT f o r  t h e  t h r e e  

c y c l e s  ranged f rom 22.2 t o  25.4 PlPa; a t  177"C, f rom 23.9 t o  25.8 r4Pa; and 

a t  204OC, f rom 24.3 t o  26.7 W a .  The RT t e s t  specimens f a i l e d  p r i m a r i l y  

adhes ive ly  f o r  a l l  t h r e e  c y c l e s ,  changing t o  cohesive w i t h  i n c r e a s i n g  

t e s t  temperature.  The Tg 's ,  measured on t h e  f r a c t u r e d  RT t e s t  specimens, 

tended t o  i n c r e a s e  as tempera ture  and t ime-he ld -a t - tempera ture  increased,  

i,e. Cycle 1, 222OC: Cyc le  2, 24nOC; and Cycle 3, 266OC. Recause a l l  

t h r e e  c y c l e s  produced e s s e n t i a l l y  t h a  same l a p  shear s:rzn,2ths a - ?  

hf?cai!se Cycle 3 had the  h i g h e s t  Tg, ?66OC, i t  was sf?lszt.ebl as t h e  ho:-,t l iDg 

c y c l e  f o r  use i n  t h e  remainder  o f  t h i s  study. 

Past exper ience w i t h  these types  o f  t h e r m o p l a s t i c  p o l y i m i d e s  had 

shown a b e n e f i c i a l  e f f e c t  when h e a t i n g  t h e  adhesive t a p e  t o  h i g h e r  

temperatures f o r  a p e r i o d  o f  time.6 

e f f e c t  on l a p  shear s t r e n g t h  r e s u l t i n g  f rom an a d d i t i o n a l  h e a t i n g  of  t h e  

adhesive tape p r i o r  t o  bonding. Specimens were bonded a f t e r  each o f  t h e  

Table 11 and F i g u r e  4 show t h e  
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success ive heat  t rea tments ,  i . e .  1 h r  a t  2OOOC, p l u s  1 h r  a t  225OC, and 

p l u s  1 h r  a t  250OC. Again l a p  shear s t r e n g t h s  were determined a t  RT, 

177OC, and 204OC. No s i g n i f i c a n t  d i f f e r e n c e s  i n  s t r e n g t h s  were ob ta ined 

a t  any t e s t  temperature due t o  t h e  heat t rea tment  of t h e  adhesive tape. 

I n  fac t ,  t h e  average s t r e n g t h  was e s s e n t i a l l y  t h e  same f o r  a l l  t e s t  

t w q e r a t u r e s  and t a p e  heat t reatments.  The Tg's dcter i i i ined were a l s o  

about t h e  same, 265-267"C, as t h a t  o f  t h e  adhesive tape used p r i o r  t o  t h e  

a d d i t i o n a l  heat  t rea tment ,  266OC. The s i g n i f i c a n t  d i f f e r e n c e  found was 

t h a t  t h e  t y p e  o f  f a i l u r e  f o r  t h e  adhesive tape taken t o  250°C f o r  1 h r  

was cohesive a t  a l l  t e s t  temperatures, whereas, o t h e r s  changed from an 

adhesive f a i l u r e  t o  a cohesive f a i l u r e .  

f a i l u r e  f o r  t h e  adhesive tape taken t o  250°C f o r  1 hr ,  i t  was used f o r  

t h e  LARC-STPI adhesive tape t reatment  t o  prepare l a p  shear specimen f o r  

t h e  thermal exposure and w a t e r - b o i l  t e s t s .  

Due t o  t h e  cohesive t y p e  o f  

Adhesive t a p e  f o r  t h e  LARC-TPI was prepared i n  a s i m i l a r  manner t o  

t h e  LARC-STPI except  no a d d i t i o n a l  heat t rea tment  above t h e  175OC f o r  3 

h r s  was performed. Cyc le  3 was a l s o  used t o  f a b r i c a t e - l a p  shear 

specimens o f  LARC-TPI and STPI-LARC-2 f o r  t h e  thermal  exposure and 

water -bo i  1 t e s t s .  

Thermal Exposure Tests  

The s t a b i l i t y  o f  t h e  adhesives t o  l o n g  t e r m  thermal  exposure was 

determined f o r  t h e  t h r e e  adhesive systems by exposing l a p  shear specimens 

f o r  500 and 1000 h r s  a t  204°C i n  a f o r c e d - a i r  oven. Cyc le 3 (2.17 MPa 

pressure,  RT t o  343OC, h o l d  1 hr)  was used t o  bond t h e  l a p  shear 
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specimens f o r  t h e  the rma l  exposure study. Lap shear  s t r e n g t h s  were 

determined a t  RT, 177"C, and 2n4"C b e f o r e  ( c o n t r o l s )  and a f t e r  exposure. 

R e s u l t s  f o r  LARC-STPI a r e  g i v e n  i n  Tab le  I 1 1  and F i g u r e  5. L i t t l e  

change i n  l a p  shear s t r e n g t h  was observed due t o  t h e  thermal  exposure. 

The 5nO and 1000 h r  exposure s t r e n g t h s ,  app rox ima te l y  73 !!Pa, a r e  t h e  

s a - ? ,  b , t  slig?tly 1o::er than t h e  c o n t r o l  s t r e n g t h s ,  a p p r o x i n a t e l y  76 

'!Pa. The p r i r l a r y  f a i l u r e  mode of t h e  f r a c t u r e d  specimens was cohesive 

except  f o r  t h e  500 and ltlno h r  exposure specimens t e s t e d  a t  RT which were 

adhes ive /cohes ive  and adhesive, r e s p e c t i v e l y .  The Tg 's  measured on t h e  

f r a c t u r e d  adhesive su r faces  were hetween 260°C and 767OC. 

R e s u l t s  f o r  STPI-LARC-2 adhesive a re  g i ven  i n  Tab le  I V  and F i g u r e  

6 .  L i t t l e  change i n  l a p  shear s t r e n g t h  was no ted  due t o  thermal  exposure 

a t  204°C. A genera l  decrease i n  RT l a p  shear  s t r e n g t h  f rom 35.1 MPa 

( c o n t r o l s )  t o  28.6 MPa (l0nO h r s )  was noted. Lap shear  s t r e n g t h  remained 

approx ima te l y  t h e  same a t  177OC (30.1 !!Pa-32.7 MPa) and a t  204OC (26.2 

!{Pa - 28.8 MPa). A s l i g h t  decrease i n  l a p  shear s t r e n g t h  w i t h  t e s t  

tempera ture  was shown f o r  t h e  c o n t r o l  t e s t s  - RT, 35.1 MPa, 177OC, 32.7 

t lPa; and 204OC, 26.2 MPa. Fo r  t h e  500 h r  exposure a t  2nd°C, a smal l  

, '?crease, l l z ,  was note4 f o r  t h e  ?n4"C t e s t  !hen  co~iparerl t o  t h n  9T l a ?  

s i ? e a r  strength. No changes i n  l a p  shear s t r e n g t h  w i t h  t e s t  te67?era ture  

was deterrrl ined f o r  t h e  l 0 n n  h r  thermal  exposure t e s t s .  F a i l u r e s  were 

p r i m a r i l y  cohes ive  except  f o r  t h e  RT t e s t  f o r  those g i v e n  a lnnn h r  

thermal  exposure. A s l i g h t  genera l  i n c r e a s e  i n  Tg w i t h  t i m e  o f  thermal  

exposure was shown - c o n t r o l s ,  22n-227OC; Fin0 hr, 235-239OC; and lnclfl h r ,  

229-241OC. Resu l ts ,  n o t  i n c l u d e d  i n  Tah le  I V  o r  F i g u r e  6 ,  show a 55% 

s t r e n g t h  r e t e n t i o n  a t  RT and 739; r e t e n t i o n  a t  204OC f o r  specimens aged 



5000 h r s  a t  204°C. The Tg a l s o  i nc reased  33% f rom approx ima te l y  226°C t o  

app rox ima te l y  259°C. 

R e s u l t s  a r e  g i v e n  i n  Table V and F i g u r e  7 f o r  t h e  LARC-TPI 

adhesive. Flo s i g n i f i c a n t  d i f f e r e n c e  was found i n  t h e  l a p  shear s t r e n g t h  

w i t h  t i m e  o f  thermal  exposure up t o  1000 h r s  f o r  any one t e v p e r a t u r e  (RT, 

32.0-34.1 ::Pa; 177"C ,  ?Q."-?q.q f1-a; and ? n 4 O C ,  '25.2-27.9 !:>a). I n  a l l  

cases t h e r e  i s  a gerleral t r e n d  o f  decreas ing  l a p  shear s t r e n g t h  w i t h  

i n c r e a s i n g  t e s t  temperature,  however t h e  decrease i s  sma l l ,  l e s s  than 24% 

f o r  up t o  a 204OC t e s t  tenpera ture ,  when compared t o  most adhesive 

systems f o r  t h i s  tempera ture  range. A l l  f a i l u r e s  were inn:! cohesive. 

n a t a  oh ta iner i  h u t  no t  sha'.:n here  f o r  50011 h r s  exposure shows a small  

decrease a t  RT and 1 7 7 O C  hu t  no change a t  204°C. There appears t o  he a 

s l i g h t  i n c r e a s e  i n  Tg w i t h  t h e r n a l  ag ing  which i s  c h a r a c t e r i s t i c  f o r  

these types  o f  adhesives (po l y im ides  1. 

Lap shear  s t r e n g t h s  IJD t o  260°C were oh ta ined f o r  t h e  t h r e e  adhesive 

systems t o  d e t e r n i n e  t h e i r  h ighes t  p o s s i b l e  tise tempera ture  c a p a b i l i t i e s  

( F i g u r e  8). O u i t e  ohv ious l y ,  5TPI-LARC-2 and LARC-TPI decrease 

d r a s t i c a l l y  a t  t h e  2fin°C t e s t  t e n p e r a t u r e  hecause t h e  Tg of  t h e  adhesives 

were exceeded ( a l l  - < 246'C) as shoirrl i n  Table I V  ?:?d TJh ie  \ '  (Tg 

determined hy T I N  of  t h e  ar! ',esive on a f r a c t u r e d  s?sc insn) .  T - 2  Tg 's  

g i v e n  i n  F i g u r e  8 were determined hy nSC on f i l m s  heated  f o r  one h r  each 

a t  10n°C, 20O"C, and 300OC. Al thouqh t h e  STPI-LARC-2 and LAQC-TPI have 

h i g h  l a p  shear  s t r e n g t h s  a t  RT, 177"C, and 204OC, t h e  LASC-STPI hecause 

of i t s  h i g h e r  Tg (267"C, Table 111) has g r e a t e r  s t r e n g t h  a t  237°C and i s  

t h e  o n l y  one o f  t h e  t h r e e  w i t h  good s t r e n g t h  a t  76n"C. 

show p r o m i s i n g  r e s u l t s  f o r  t h e  thermal  exposure i n v e s t i g a t e d .  I n  

A l l  t h r e e  systems 
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genera l ,  t h e  LARC-TPI and STPI-LARC-2 had approx ima te l y  t h e  same range o f  

1ap.shear  s t r e n g t h s  wh ich  were h i g h e r  o v e r a l l  t h a n  t h e  LARC-STPI system. 

However, t h e  LARC-STPI system had a h i g h e r  Tg t h a n  LARC-TPI and 

STPI-LARC-2 which g e n e r a l l y  i n d i c a t e s  a h i g h e r  p o t e n t i a l  use  

temperature.  A l l  f a i l u r e s  f o r  t h e  LARC-TPI were 100% cohesive,  whereas, 

t h e  LARC-STPI a n d  STPI-LA9C-2 f s i  1 p r i n a r i  l y  c o h e s i v e l y  r q i  t h  p a r t i  a1 

adhesive f a i l u r e s .  

72-Hou r Uat e r - b o i  1 

The r e s i s t a n c e  of  t h e  t h r e e  adhesives t o  wa te r  ( h u m i d i t y )  was 

determined by immersing l a p  shear specimens i n  d i s t i l l e d  b o i l i n g  wa te r  

f o r  a 72-hour p e r i o d  and subsequent ly  t e s t i n g  t h e i r  l a p  shear  s t r e n g t h s  

a t  RT, 1 7 7 O C ,  and 304'C. Res i i l t s  o f  those t e s t s  a r e  g i v e n  i n  Table V I  

and F i g u r e  9 f o r  t h e  LARC-STPI adhesive system, Tab le  V I 1  and F i g u r e  10 

f o r  STPI-LAQC-7, and i n  Table VI11 and F i g u r e  11 f o r  t h e  LARC-TPI system. 

The l a p  shear  s t r e n g t h s  of  LARC-STPI specimens a f t e r  water -boi l  were 

882 o f  t h e  c o n t r o l ' s  RT s t r e n g t h ,  627, of t h e  c o n t r o l ' s  177OC s t r e n a t h ,  

and fiSZ o f  t h e  c o i t r o l ' s  204°C s t r ? n g t + .  The l a p  shear  s t r ? n q t f i s  F > r  t -3 

%TPI-LA?C-Z w2re 52% o f  t h e  c o n t r o l ' s  ?T s t r e n g t h  and 5nX o f  t h e  

c o n t r o l ' s  204°C s t reng th .  The l a p  shear s t r e n g t h s  for t h e  LARC-TPI were 

84% o f  t h e  c o n t r o l ' s  RT s t r e n g t h ,  679; o f  t h e  c o n t r o l ' s  177°C s t reng th ,  

and 40% o f  t h e  c o n t r o l ' s  204OC s t reng th .  From t h e s e  r e s u l t s ,  i t  appears 

t h a t  t h e  LARC-STPI and LARC-TPI adhesive systems r e t a i n  a h i g h  percentage 

o f  t h e  o r i g i n a l  RT s t reng th .  The LARC-STPI a l s o  r e t a i n e d  t h e  h i g h e s t  

percentage,  FiQi, o f  t h e  o r i g i n a l  s t r e n g t h  f o r  t h e  2 0 4 O C  t e s t  t enpera tu re .  
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F a i l u r e s  were p r i m a r i l y  cohes ive  f o r  t h e  LARC-STPI and LARC-TPI adhes ive  

systems whereas t h e y  were cohesive/adhesive a f t e r  w a t e r - b o i l  f o r  t h e  

STPI-LARC-2 adhesive system. E s s e n t i a l l y  no changes were measured f o r  

t h e  Tg 's  a f t e r  t h e  w a t e r - h o i l  f o r  t h e  LAQC-STPI and LAQC-TPI, or t h e  

STPI-LARC-2 adhesive systems. 

The LPqZ-TPI p r o v i  ',?,I t h n  hi;hest la;! shear stre7:;:hs a f t e r  w3 te r -  

b o i l  f o r  t h e  RT and 1 7 7 O C  t e s t s ,  whereas LA?C-STPI r e t a i n e d  t h e  h i g h e s t  

s t r e n g t h  a t  204OC a f t e r  w a t e r - h o i l ,  17.0 !!Pa compared t o  10.1 MPa f o r  

LARC-TPI and 12.7 MPa f o r  STPI-LARC-2. 

CONCLllS IONS 

A t h e r m o p l a s t i c  po l y im ide ,  LARC-TPI, has p r e v i o u s l y  heen shown t o  he 

an e x c e l l e n t  adhesive f o r  severa l  a p p l i c a t i o n s .  The reason f o r  t h e  

t h e r m o p l a s t i c  n a t u r e  o f  t h i s  polymer h a s  heen a t t r i b u t e d  t o  t h e  f l e x i b i l -  

i t y  o f  t h e  hackhone caused hy t h e  use of t h e  meta- l inker !  d i a q i n e  - 
3,3'-diaminohenzophenone. 

I n  t h i s  w q r k  t h e  use o f  a comhina t inn  o f  two f l e x i h i l i z i n g  d iamines 

i n  t ' T e  po lyqers ,  LAQC-STPI ?nd STPI-L7"C-7, has resu1ta-I i n  c q p o l y i n i  ' 2 ;  

\ ; i th  adhesive performances t h a t  a re  very s i m i l a r  t o  LAsC-TPI. The 

exper imenta l  da ta  on a commerc ia l l y  a v a i l a h l e  LARC-TPI and on t h e  

exper imenta l  LARC-STPI and STPI-LARC-2 shows a l l  t h r e e  systems t o  possess 

excep t iona l  l a p  shear s t r e n g t h s  a t  room and e l e v a t e d  tempera tures  up t o  

2n4OC both b e f o r e  and a f t e r  ag ing  a t  2n4OC. 

i t s  h igh  Tg, p r o v i d e d  h i g h  l a p  shear s t r e n g t h s  up t o  3611OC. I n  genera l ,  

t h e  LARC-TPI and STPI-LASC-2 adhesive systems had approx ima te l y  t h e  Same 

The LAQC-STPI, hecause o f  
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range of l a p  shear s t rengths ,  which were h i g h e r  o v e r a l l  t h a n  t h e  

LARC-STPI system. The LARC-STPI system had a h i g h e r  Tg t h a n  LARC-TPI and 

STPI-LARC-2 which g e n e r a l l y  i n d i c a t e s  a h i g h e r  p o t e n t i a l  use temperature.  

A f t e r  a 72-hour w a t e r - b o i l  exposure, LARC-TPI bonded specimens e x h i b i t e d  

t h e  h i g h e s t  l a p  shear s t r e n g t h s  f o r  room temperature and 177°C t e s t s ,  

where3s t h e  LA.?C-STPI r e t a i n e d  a h i g h e r  percentage o f  i t s  o r i g i n a l  

s t r e n g t h  when t e s t e d  a t  204OC a f t e r  t h e  w a t e r - b o i l  exposure [ 68% versus 

50% (STPI-LARC-21, 40% (LARC-TPI) r e t e n t i o n ] .  

An a t t r a c t i v e  f e a t u r e  of t h e  LARC-STPI and STPI-LARC-2 i s  t h a t  they  

were prepared f rom r e l a t i v e l y  inexpensive,  commerc ia l ly  a v a i l a b l e  

chem c a l s .  Therefore,  these f l e x i b l e ,  t h e r m o p l a s t i c  copo ly imides  show 

cons derab le  p o t e n t i a l  as adhesives based on t h i s  i n i t i a l  study. 
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TARLE I 

E f f e c t s  o f  Ronding Cyc le  on LSS f o r  LARC-STPI Ronded TI 6-4 

TEST AVERAGE RANGE OF P R I M A R Y  

ROr40I NG NUtlRER OF TErlPERATURE, LSS, LSS, FAILIJRE Tg** 

CYCLE SPEC I t l E N S  O C  ,:Pa !!Pa 1100E* O C  

- -. ___ _ _ _ _  - - - ________.___I__ I- 

1 3 RT 75.4 24.6 - 25;l An 727 

3 1 7 7  75.5 72.1 - 38.3 cn -- 
3 2n4 25.9 24.9 - 26.7 CO -- 

2 3 RT 7s.n 70.0 - 29.1 An 240 

4 1 7 7  75.8 72.5 - 28.0 CQ -- 
3 704 ?6.7 76.2 - 27.0 ' cn -- 

3 4 RT 72.2 2n.7 - 24.3 A l l  266 

4 1 7 7  ?3  .q ?2.? - 77.7 C O / A n  -- 
4 201 23.3 21.2 - 26.2 CO -- 

* An - adhesive 

CO - cohesive ( th rough  g l a s s  c l o t h )  

a L A S C - S T P I  f i l m  c i i re r i  t o  3 0 ° C  was 283OC. 

** Glass t r a n s i t i o n  t e y p e r a t u r e ,  s i n g l e  measurement. Tg de termined hy nSC on 



Tab le  I 1  

E f f e c t  on LSS o f  A d d i t i o n a l  Heat Treatment t o  LARC-STPI Adhesive Tape 

TEST AVERAGE RANGE OF P R I M A R Y  

ADDITIONAL NUMBER OF TEMPERATURE, LSS, L S S ,  FAILURE Tg,*** 

HEAT TREATMErVT* SPECIMENS O C  MPa MPa rionE** "C 

1 HR AT moot 4 RT 24.6 33.1 - 75.8 An i l K 5  

4 177 25.? 22.3 - 76.0 C1)/4r) -- 
4 2n4 26.2 24.5 - 27.8 cn -- 

AS ABOVE PLUS 4 RT 25.0 24.1 - 2K.R AD 765 

1 HR AT 225°C 4 177 26.7 25.7 - 28.n cn -- 
4 3n4 76.3 2s.4 - 77.6 cn -- 

AS AROVE PLIJS 4 R T  ?6.6 24.2 - 79.6 cn 267 

1 HR AT 25n°C 4 177 27.11 23.6 - 3n.n cn -- 
4 3n4 25.n 24.1 - 76.0 cn -- 

* P r i o r  adhesive tape t r e a t m e n t  was h e a t i n g  i n  f o r c e r i - a i r  oven a t  lnn°C, 1511°C 

and 175°C a f t e r  each a p p l i c a t i o n  u n t i l  - 0.1125 cm t h i c k  

** A9 - adhesive 

CO - cohesive (through g l a s s  c l o t h )  

*** Glass t r a n s i t i o n  temperature,  s i n g l e  measurement 



Tab le  I 1 1  

E f f e c t s  o f  Thermal Exposure ( i n  A i r )  on LSS f o r  LARC-STPI Ronded T i  6-4 

THERMAL TEST AVERAGE RANGE OF P Q I t I A R Y  

EXPOSIJRE FIUrlRER OF TEIIPERATIJRE, LSS, LSS, FAILURE Tg,** 

AT  204OC, HR SPECIMENS "C MPa MPa 11ODEf O C  

- - - - - - -- - --- -- -. - - _ _  -_---__I-__ 

0 4 R T  25.6 74.7 - 29.6 cn 267 

CO -- 
4 204 2s.n 2 4 . 1  - 76.0 co -- 

[ CONTROLS]  4 177 77 .o 73.6 - 3n.n 

snn 4 RT 23.7 7n.n - 25.n w c n  265 

4 177 23.9 73.2 - 24.6 CO -- 
4 204 23.4 72.4 - 24.5 cn -- 

innn 4 RT 24.1 23.6 - 75.1 An 2F;n 

4 177 73.3 77.1 - 2s.n cn -- 
4 7114 22.7 7n.7 - 24 .1  cn -- 

* An - adhesive 

CO - cohesive ( t h r o u g h  glass c l o t h )  

** Glass t r a n s i t i o n  temperature,  s i n g l e  measurement 



T a b l e  IV 

E f f e c t s  o f  Thermal Exposure  ( i n  A i r )  on LSS f o r  STPI-LARC-2 Ronded T i  6-4 

THEWAL TEST AVERAGE RANGE OF PRIMARY 

EXPOSIIRE NIJMRER OF TEt~fPERATlIRE, LSS, LSS,  FAILIIRE Tg,** 

AT 204OC, HR SPECIMENS O C  MPa MPa m n E *  O C  

0 4 RT 35.1 34.4 - 36.1 cn 225 

[ CONTRnLS] 3 177 32.7 31.8 - 33.8 Cn 77n 

4 204 26.2 25.7 - 27.6 C O / A n  227 

500 4 RT 32.5 28.2 - 34.6 CO/AD 235 

4 177 31.4 29.8 - 32.4 cn 2 36 

4 204 38.8 76.9 - 29.6 CO 239 

i o n n  4 RT 28.6 27.2 - 30.7 An 24 1 

4 177 30.1 3n.n - 3n.9 cn 237 

4 204 28.8 28.3 - 29.5 CO 229 

* AD - adhes ive  

CO - c o h e s i v e  

** G lass  t r a n s i t i o n  tempera tu re ,  s i n g l e  measurement 



T a b l e  V 

E f f e c t s  o f  Thermal Exposure ( i n  A i r )  on LSS f o r  LARC-TPI Ronded T i  6-4 

THERMAL TEST AVERAGE RANGE OF P R I M A R Y  

EXPOSURE NUMRER OF TEMPERATIIRE, LS5, LSS, FAILURE Tg ,** 
AT 204OC, HR SPECIVENS "C !!Pa MPa MODE* O C  

0 4 RT 33.n 32.3 - 33.5 co 728 

a 204 25.2 25.0 - 75.4 * cn 7.36 

[ cn':T?n: $1 0 1 7 7  20.5 38 .8  - 317.7 cn 775 

500 4 RT 34.1 32.7 - 35.3 co 242 

4 177 29.0 27.5 - 3n.5 co 242 

4 204 26.9 26.6 - 27.1 co 237 

1 nno 4 RT 32.9 32.3 - 34.4 CO 24 2 

4 177 29.9 28.5 - 31.0 CO 246 

a 2n4 27.8 27.2 - 28.6 co 238 

* AD - a d h e s i v e  

C O  - c o h e s i v e  

** G lass  t r a n s i t i o n  t e n p e r a t u r e ,  s i n g l e  measurement. Tg d e t e r m i n e d  hy r)SC 

on a LARC-TPI f i l m  c u r e d  t o  3nn°C was 26nOC.  



Tab le  V I  

E f f e c t  o f  72-Hour Water-Roi l  on LSS f o r  LARC-STPI Bonded T i  6-4 

TEST AVERAGE RAWGE OF P R I t l A R Y  

NIJWER OF TEtlPERATIJRE, LSS, LSS, FAILURE Tg,** 

SPEC I MENS "C MPa Mpa t-1nI-I E* "C 

CT)NTRT)LC 4 ?T 76.6 24.7 - 79.6 cn 367 

4 1 7 7  27.0 23.6 - 3n.n cn -- 
4 2nd 25.0 24.1 - 26.0 Cfl -- 

72-HnlJR 4 QT 73.3 2n.8 - 25.2 cn 26 5 
\*I ATER - R 0 I L 4 177 16.9 14.8 - 18.1 cn 264 

4 2nd 17.0 16.7 - 17.5 CT) 257 

* AD - adhesive 

CO - cohes ive  ( th rough  g l a s s  c l o t h )  

** Glass t r a n s i t i o n  temperature,  s i n g l e  measurement 



T a b l e  V I 1  

E f f e c t  o f  72-Hour Wate r -Ro i l  on LSS f o r  STPI-LARC-P Ronded T i  6-4 

THERMAL TEST AVERAGE RANGE OF PRIMARY 

EXPOSURE N U M R E R  OF TEMPERATURE, LSS, LSS, FAILURE Tg,** 

AT 204OC, HR SPECIMENS O C  MPa MPa m E *  "C 

72-YflUR 3 RT i8.n 15.8 - m.n An n in  
l!ATEQ-ROIL 4 177 15.2 13.4 - 18.8 Cr)/An 7c;n 

4 204 17.7 11.4 - 14.? Cn/Ar) 260 

* Arl  - adhesive 

CO - cohesive 

** Glass t r a n s i t i o n  temperature,  s i n g l e  measurement 



Tab le  VI11 

E f f e c t  o f  72-Hour Water-Roi l  on LSS f o r  LARC-TPI Ronderl T i  6-4 

TEST AVERAGE RANGE OF P R I M A R Y  

NUtlRER OF TEfIPERATURE, LSS, LSS, FAILURE Tg,** 

SPEC I MENS O C  tfPa t lPa MOO€* "C 

c nu, T ? 0 L s 4 RT 33.13 32 .3  - 33.5 co 278 

4 177 29.5 28.8 - 3q.7 CO 23 5 

4 2n4 2 5 . 2  25.1-1 - 35.6 CO 236 

72-Hl)l IR 4 .  RT 27.8 26.7 - 28.8 CO 739 
WATER-ROIL  4 177 19.7 19.1 - 20.3 co - i13n 

4 2nd 1n.i 9.4 - 11.0 cn 735 

* An - adhesive 

CO - cohes ive  

** Glass t r a n s i t i o n  temperature,  s i n g l e  measurement 
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